Cytochrome P45017~ catalyzes both 17a-hydro~~btion and 17,204de-chain cleavage in steroidogenesis and lies at a key branch point in the pathways of steroid hormone biosynthesis. To obtain information on the precise localization of P45017a in swine testis, ovary, and adrenal, we undertook the simultaneous detection Of P45017a mRNA and prottin by combining immunohistochemistry with in situ hybridization. In situ hybridization was performed on 4% paraformaldehyde-bed, paraf6n-embedded sections by employing either a 39-base oligomer or a cDNA insert (1.7 -) of porcine testis U5017a as DNA probe. Immunohistochemi d study was performed by employing anti-P45017a. Hybridization signals were obtained in Leydig cells of the testis, theca intern? of the Cnvian follicle, and zona fasciculata reticularis cells of the adrenal cortex. Oligonucleotide probing yielded lower background signal than the DNA probe. No specific signals were obtained in seminiferous tubules of the testis, medulla, and zona glomerulosa of the adrenal, and in membrana granulasa and interstitial cells of the ovary. Hybridization signals were obtained in the cells where immunoreactivity of the enzyme was observed by immunohistochemistry, except for some Leydig cells of the testis and theca interna cells of the ovary in which only immunoreactivity but not hybridization signal was observed. The present study provided detailed information about the precise cellular localization of P45017a expression at both the protein and mRNA levels in swine adrenal glands and gonads.
Introduction
In the steroid biosynthetic pathways of testes, ovaries, and adrenals, 17a-hydroxylase catalyzes the conversion of pregnenolone to 17- hydroxypregnenolone and that of progesterone to 17-hydroxyprogesterone. 17-Hydroxypregnenolone is then converted by 17,20lyase to dehydroepiandrosterone. Although 17a-hydroxylase and 17,20-lyase activities are two distinct biochemical reactions, studies in guinea pig (1) and in swine adrenals (2) and testis (3) have shown that both activities reside in a single specific microsomal cytochrome P-450 (P-45017a). Therefore, P-45017~ lies at a very important branch point in the entire system of steroid hormone biosynthesis, i.e., bemen glucocorticoid and mineralocorticoid biosynthesis and between glucocorticoid and androgen biosynthesis. P-45017a is expressed in the testis, ovary, and adrenal gland, but it is also important to know its precise localization for a better understanding of steroid metabolism. For this purpose, techniques directed towards illustrating the enzymes specifically involved in steroidogenesis, especially immunolocalization ofsteroidogenic enzymes, are at present considered as a better method than conventional morphological examination, including electron microscopy and immunohistochemistry of steroid hormones themselves (4) (5) (6) (7) (8) (9) (10) . Recently, cDNA encoding swine testis P-45017a has been characterized and oligonucleotide probes suitable for in situ hybridization were synthesized (11). In this study, we have further pursued localization of steroidogenic enzymes by performing an in situ hybridization study of P-45017a to localize mRNA expression of the enzyme in swine testis, ovary, and adrenal. In addition, we have also undertaken simultaneous in situ hybridization and immunohistochemistry on the same sections, to examine expression of P-45017, at both the protein and mRNA levels in the same cells. Supported in part by NIH grant AG-08175. slaughterhouse and were immediately fixed in 4% paraformaldehyde (pH 7.4) for 6 hr at 4'C. Specimens were then embedded in paraffin (melting point 56-58.C) (Junsei Chemical CO; Tokyo, Japan), sectioned at 2.5 pm, and placed on slides coated with Denhardt's solution containing 1 x Denhardt (Ficoll 0.2 mglml; PVP-40 0.2 mglml; and bovine serum albumin 0.2 mglml) and 3 x standard saline-citrate buffer (SSC) (1 x SSC is 0.15 M NaCl and 0.015 M trisodium citrate, pH 7.0). on slides that were immersed in 0.1 x SSC and were air-dried. In both methods, similar precautions as described for in situ hybridization were employed at all steps of the procedures to avoid possible RNAse contamination. In the second method, heparin (5000 U/ml) was added to all solutions employed during immunostaining, including chromogenic substrate solutions, to inhibit RNAse degeneration of transcript targets. PBS wash solutions were also autoclaved.
Preparation of DNA Probes. The DNA probes employed in this study were a 1.7 KB cDNA and oligonucleotides of pig testis P-45017a. The cDNA was a 1.7 KB EcoRIlEcoRI insert which encodes amino acid 91 through to the poly-A tail of pig testis P-45017a (Conley AJ, Mason JI, unpublished observations). The 39-base anti-sense oligonucleotide probe employed in this study encodes for the sequence between amino acid residues 97 and 109 (TGG TTG TCT GAC AGG A X X:T AGA G K AX: ACT CTG GGC).
The cDNA and oligonucleotide probe successfully recognized P-45017~ in total porcine testicular and adrenal tissues by Northern blot analysis (Conley AJ, Mason JI, unpublished observations). These fragments were then radiolabeled with [3'S]-CTP by the multipriming method for cDNA or with [ 3'S]-ATP by 3'-end labeling for the oligonucleotide.
In Situ Hybridization. All glassware was washed, rinsed with distilled deionized water, and autoclaved before use. Gloves were worn when handling the glassware and slides to prevent RNAse contamination of the tissue sections as much as possible. Hybridization procedures used in this study were essentially based on that of Hayashi et al. (12) . Deparaffinized sections mounted on Denhardt-coated glass slides were treated with proteinase (0.25 mg/ml in 50 mM Tris-HC1, pH 7.6, and 5 mM EDTA) for 30 min at room temperature and were acetylated with freshly diluted acetic anhydride (0.25% in 0.1 M triethanolamine buffer, pH 8.0) for 10 min. The treated sections were then processed for in situ hybridization at 45'C for 18 hr. The hybridization mixture contained the radiolabeled cDNA probe or oligonucleotide probe (lo7 cpmlml), yeast tRNA (500 Iglml), salmon sperm DNA (80 pglml), 50% formamide, 10 mM Tris-HC1, pH 7.0, 0.15 M NaCI, 1 mM EDTA, pH 7.0.1 x Denhardt's mixture, and 10% dextran sulfate. After hybridization and removal of the coverglass by immersing the slides in 2 x SSC for 1 hr at room temperature, sections were washed three times in 2 x SSC for 10 min each at room temperature, once in 0.5 x SSC for 10 min at 45'C, and three times in 0.1 x SSC for 10 min each at 45°C. Afterwards, the slides were developed in Kodak NTB-2 nuclear track emulsion and exposed for 72 hr at 4'C. The exposed slides were then developed and the sections were stained with hematoxylin. Control sections for cDNA probing were treated with RNAse A (20 ng/ml in 0.5 M NaCI, 10 mM Tris-HC1, pH 8.0) at 37°C for 1 hr before hybridization, and those for oligonucleotide probing were incubated with sense probe.
Preparation of P45017, Antibody. P-45017~ was purified from neonatal pig testis according to the method of Nakajin and Hall (3). The protein was visualized as a single band of molecular size 5 5 KD after sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE). An antiserum was raised against this protein in rabbits. Subsequently, an immunoglobulin-enriched fraction was prepared. An immunoblot analysis after SDS-PAGE of the pig testis P-45017, antigen, pig testis and adrenal homogenates, and microsomes indicated that the immunoglobulin fraction recognized specifically a single protein species of molecular size 55 KD (Conley AJ, Mason JI, unpublished observations).
Simultaneous Immunohistochemistry and In Situ Hybridization. We employed two different approaches to simultaneous immunohistochemistry and in situ hybridization. In the first, the in situ hybridization procedure was performed before immersion in emulsion for autoradiography, followed by the immunohistochemical procedure, colorimetric reaction, and autoradiography on the same tissue section. In the second approach, immunohistochemistry was performed on the same sections before in situ hybridization. In the first method, immunohistochemistry was performed The immunohistochemical methods employed in this study were as follows. Deparaffinized sections were placed in 100% methanol with 0.3% hydrogen peroxide for 30 min to block endogenous peroxidase activity and were then treated with 1% normal goat serum for 30 min at room temperature. The primary antibody (used at a 1:500 dilution) was incubated with the sections for 18 hr at 4°C. After washing in 0.01 M PBS, the sections were incubated with biotinylated anti-rabbit immunoglobulin and peroxidase-conjugated streptavidin obtained from Nichirei (Tokyo, Japan) for 30 min each at room temperature. The sections were again washed with three changes of 0.01 M PBS. In both methods, the antigen-antibody complex were subsequently visualized by immersion in 3,3'-diaminobenzidine (DAB) or 4-chloronaphthol (naphthol) substrate solutions for 5 min, or by incubation with 3-amino-9-ethylcarbazole (AEC) substrate solution for 10 min. Control sections were incubated with normal rabbit IgG. In the first method, slides were air-dried after colorimetric reaction and then were developed in Kodak NTB-2 nuclear track emulsion. In the second method, these reacted sections were washed in four changes of 0.01 M PBS for 5 min each.
In Situ Hybridization
The results of in situ hybridization are summarized in Table 1 . Hybridization signals were obtained in Leydig cells of the testis (Figure I) , theca interna of the ovarian follicle, and zona fasciculata reticularis cells of the adrenal cortex. No specific signals were obtained in seminiferous tubules and other interstitial cells of the testis, in membrana granulosa, interstitium, and surface cells of the ovary, and in the capsule, medulla, and zona glomerulosa of the adrenal. The oligonucleotide probe provided more specific hybridization signals than the cDNA probe, which yielded quite high background signal. No specific hybridization signal was obtained employing the sense D N A probe instead of the anti-sense probe and when RNAse treatment was performed. 
Hybridization signals were obtained in most of the cells where immunoreactivity of the enzyme was observed by immunohistochemistry in the second method, i.e., in situ hybridization following immunohistochemistry (Figures 2a. 3a. 3b. 4) . Immunohistochemistry was less clearly detected, and much more background signal was observed in autoradiography with the first method, i.e., immunohistochemistry following in situ hybridization. Some Leydig cells of the testis and theca interna cells of the ovary (Figure 3b ) demonstrated immunoreactivity but not hybridization signal. The use of DAB and AEC as the immunoperoxidase substrate rendered brown and red deposits, respectively, which were more easily distinguished from the hybridization signals by microscopic examination than the purple deposits of naphthol stain. Less intense hybridization signals were obtained employing AEC compared with DAB as the immunoperoxidase substrate. For the control, RNAse treatment (cDNA) and corresponding sense probe (oligonucleotide), and normal rabbit IgG, were used for in situ hybridization and immunohistochemistry, respectively, and no specific hybridization signal ( Figure 2b ) and immunoreactivity were obtained in these sections.
Discussion
In situ hybridization analysis of cytochrome P-450 protein has not been extensively conducted (13-16). In situ hybridization analysis of cytochrome P-450s involved in steroidogenesis was reported only for P-45017a in bovine adrenocortical cells by Hornsby's group (16). This study, however, employed cultured cells rather than tissue sections. In situ hybridization analysis of P-450s involved in steroidogenesis in the endocrine glands themselves has not yet been reported, to the best of our knowledge. In situ hybridization analysis of steroidogenic enzymes other than cytochrome P-450 on tissue sec-tier's group (17). In the present study, we examined the localization of P-45017a both at the protein and mRNA levels in swine gonads and adrenal, employing simultaneous in situ hybridization and immunohistochemistry techniques. Co-localization of proteins and nucleic acids on the same tissue sections, employing combined immunohistochemistry and in situ hybridization analysis, has not been widely performed owing to various technical difficulties. None has been done in the study of steroidogenic enzymes, to the best of our knowledge.
Hybridization signals of P-45O17a were obtained in most of the cells where immunoreactivity of the enzyme was observed by immunohistochemistry, as was expected (i.e., there were few discrepancies in the expression of the enzyme between the mRNA and protein levels). However, in the testis and ovary, a number of Leydig cells and theca interna cells demonstrated immunoreactivity but not hybridization signal of P-45017a, suggesting that not all Leydig and theca interna cells are actively synthesizing the enzyme protein. However, the presence of specific mRNA does not necessarily indicate that the mRNA is translationally active, and it will require further investigations, including a nuclear run-off assay, to clarify the functional significance of the data. The absence of P-45017a at both the protein and mRNA levels in Sertoli cells may be consistent with previous findings suggesting that these cells are involved only in the aromatization of androgens to estrogens but not in androgen biosynthesis (18-20). However, aromatization by Sertoli cells is observed only in the pubertal testis (17-19). and further investigations will be needed to clarify the significance of this finding.
In the ovary, positive immunoreactivity and the hybridization signal were found in the theca interna of the follicle, whereas no immunoreactivity or hybridization signal was found in the membrana granulosa. This finding is consistent with previous data suggesting that biosynthesis of the Cl9 steroids, i.e., androstenedione and testosterone, takes place in the theca cells and that C19 steroids are subsequently aromatized into estrogens by the granulosa cells (18, 21, 22) . One to several layers of theca interna cells adjacent to the membrana granulosa did not demonstrate any immunoreactivity and hybridization signal of P45017,,, suggestive of hormonal inactivity and consistent with enzymically inactive theca cells previously reported by Sasano et al. (23) .
In the adrenal, our results demonstrated the presence of P-45017a at both the protein and mRNA levels in zona fasciculata reticularis, whereas absence of P-45017~ at both levels was observed in medulla and zona glomerulosa. Complete absence of hybridization signal of P-45017~ in zona glomerulosa of the adrenal directly confirms the absence of 17a-hydroxylase activity in glomerulosa cells (24) , which is also consistent with immunohistochemical findings (8) . These studies clearly demonstrated that P-45017a, which is involved in cortisol and androgen biosynthesis but not in aldosterone production, is not expressed at all in the zone glomerulosa of the adrenal gland.
We performed in situ hybridization using both cDNA and oligonucleotide probes. Oligonucleotide probes usually permit greater specificity than cDNA or cRNA probes because redundant or conserved nucleotide sequences can be avoided during probe design and synthesis, and a probe with higher specific activity is obtained (25) . In our study, we omitted the use of frozen sections in the process of tissue preparation for in situ hybridization. Fixation of tissues in 4% paraformaldehyde and subsequent paraffin embedding have provided reliable retention of mRNA targets as well as excellent preservation of cell and tissue architecture, as was reported by others (12.25). Therefore, the combination of 4% paraformaldehyde-fiued, wax-embedded specimens and employment of radiolabeled oligonucleotide DNA probes are probably the ideal methods for in situ hybridization at present, as was proposed by Couwenhoven et d. (25) .
We employed three different chromogens for immunostains, i.e., DAB, naphthol, and AEC. They localized immunoreactivity on the same cells. Ofthese chromogens, DAB as the immunoperox-idase substrate rendered brown deposits which were easily distinguished from the silver grains of hybridization signal on autoradiography, compared with the purple deposits of naphthol. In addition, sections in which naphthol or AEC was employed cannot be treated with alcohol, xylol, or other organic solvents, and it is very difficult to conserve immunoreactive deposits permanently, especially in the case of naphthol. AEC also resulted in less intense hybridization signal than that of DAB. Therefore, our present study showed that DAB is probably the most suitable chromogen for simultaneous immunohistochemistry and in situ hybridization at present.
Simultaneous in situ hybridization and immunohistochemis-try of P-45017~ on the same section allowed study of the expression of cytochrome P-450 at both the mRNA and protein levels in the same cells. In our present investigation, the method in which in situ hybridization follows immunohistochemistry resulted in decreased immunoreactivity, possibly because proteinase treatment, which is necessary for hybridization, changed the tertiary structure of the protein molecule of cytochrome P-45017~. In addition, a high background signal level was observed in autoradiography. However, in the method of immunohistochemistry followed by in situ hybridization, RNAse contamination through immunohistochemistry can become a very serious problem. Therefore, RNAse inhibitors must be added to the antibodies to prevent degradation of mRNA in this method (26). The use of high concentrations of heparin (5000 Ulml) resulted in good retention of hybridization signal in our study, as was proposed by Hofler et al. (26) . Therefore, this technique, if all the procedures including fixation and tissue preparation are carefully done, can contribute to a better understanding of steroid metabolism. Therefore, this technique can be a useful tool for evaluating P-45017~ expression in specific cell compartments of the gonads and adrenals, and in future can be applied to evaluation of tissues exhibiting abnormal steroid metabolism.
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